Abstract Researchers face a significant problem in PCR amplification of DNA fragments with high GC contents. Analysis of these regions is of importance since many regulatory regions of different genes and their first exons are GC-rich. There are a large number of protocols for amplification of GC-rich DNA, some of which perform well but are costly. Most of the economical protocols fail to perform consistently, especially on products with [80 % GC contents and a size of [300 bp. One of these protocols requires multiple additions of DNA polymerase during thermal cycling which therefore rules out its utility if a large number of samples have to be amplified. We have established a method for simultaneous amplification of specific PCR products from a large number of human DNA samples using general laboratory reagents. These amplicons have GC contents ranging from 65-85 % and sizes up to 870 bp. The protocol uses a PCR buffer containing co-solvents including 2-mercaptoethanol and bovine serum albumin for amplification of DNA. A specific thermal cycling profile is also used which incorporates a high annealing temperature in the first 7 cycles of the reactions. The PCR products are suitable for different molecular biology applications including sequencing.
Introduction
Polymerase chain reaction (PCR) is widely used for different molecular biology applications including mutation detection in genes causing human disorders. Many amplicons may have to be screened during candidate and positional cloning efforts in order to identify genes involved in pathogenesis of disorders. Molecular characterization of inherited disorders in large pedigrees involves mutational screening of DNA from several individuals in the family to establish co-segregation of a mutation with the genotypes. Hundreds of normal controls may also have to be analyzed by PCR in order to eliminate polymorphisms or determine allele frequencies for newly identified mutations. This can be problematic if the mutation lies in a GC-rich sequence.
Many protocols referenced by Mamedov et al. [1] and Wei et al. [2] and proprietary reagents are available for amplification of GC-rich DNA. Some protocols are inexpensive [3, 4] , but do not perform consistently. Other protocols involve purchase of unusual chemicals or expensive enzymes [5] [6] [7] [8] . The highly effective heat pulse extension PCR protocol requires the use of thermal cyclers with fast ramp rates in addition to the use of an expensive enzyme for amplification of GC-rich DNA [7] . An inexpensive method has been described to amplify GC-rich DNA which involves the use of primers with very high melting temperatures of 80-90°C [9] . The primers have to be designed manually with great care to many parameters. Moreover, the highest GC content products (80-84 %) amplified by this protocol range in size from 180 to 283 bp which are generally too small to be useful when a larger amplicon with identical GC content has to be amplified. SAFE (satisfactory, adaptable, fast and efficient PCR), seems to be the best comparatively low-cost protocol for amplification of a larger sized GC-rich DNA fragment, but it requires multiple additions of Taq DNA polymerase during the course of a single experiment [2] and therefore cannot be used for large-scale projects. We have evolved a strategy to amplify GC-rich DNA using a specific PCR buffer with additives and custom designed thermal cycling parameters which include a high initial annealing temperature. The protocol is scalable for amplification of GC-rich templates from a large number of DNA samples.
Materials and Methods

Primer Design
Twenty primer pairs were designed to amplify first exons and flanking regions of different genes for sequencing and to detect mutations in control samples by allele-specific PCR or size fractionation of the products ( Table 1) . The primers were designed to have a calculated melting temperature (T m ) of 70-84°C with Primer3 (v. 0.4.0) software (http://frodo.wi.mit.edu/) by manually changing the parameters of maximum primer length to 30, and accepted minimum and maximum primer melting temperatures. However, 4 primer sets had a T m in the range of 62-65°C. Primers for allele-specific PCR; Tetra-primer amplification refractory mutation system (ARMS) (sets 5 and 6) were designed similarly using a free online software [10] with additional adjustments of parameters of ''Maximum inner product size'', ''Maximum relative size difference of two inner products'' and ''Minimum relative size difference of two inner products'' to 400 bp, 1.9 and 1.5, respectively. Primer sets 18 and 19 were selected since these either gave no PCR product or yielded poor amplification, respectively, with three reported economical methods for amplification of GC-rich DNA [4] . An identical product to that amplified by the SAFE protocol with a GC content of 84 % was amplified using primer set 20 which was specifically designed for this study to have high T m using Primer3 software.
DNA Extraction and PCR
Human genomic DNA was extracted from blood using a non-organic method [11, 12] and dissolved in 10 mM TrisHCl pH 8.0 and 0.2 mM EDTA pH 8.0 buffer. Reactions were set up in final volumes of 50 ll containing 5 ll of a 109 PCR buffer [13] [450 mM Tris-HCl pH 9, 110 mM (NH 4 ) 2 SO 4 , 67 mM 2-mercaptoethanol, 45 lM EDTA, 1,100 lg/ml BSA, 45 mM MgCl 2 ], 200 lM each dNTP, 0.24 lM each primer, 50 ng DNA, 5 % DMSO, 1.25 % formamide and 1.2 U of Taq DNA polymerase (laboratory prepared or from Fermentas, Glen Burnie, MD). Two PCR buffers supplied with Taq DNA polymerase (Fermentas) supplemented with the same final 19 concentration of 4.5 mM MgCl 2 were also used to perform reactions with primers 1, 2, 12, 13, 14, and 20 for comparison with the laboratory prepared buffer. The volume of PCR reaction was reduced to 10 ll for Tetra-primer ARMS PCR and those for size fractionation by capillary electrophoresis.
DNA samples were added first to each 0.2 ml PCR tube and heated for 3 min at 94°C. The PCR mix was added afterwards in a window of 2 min so that the DNA had a total of 5 min for denaturation. PCR was carried out for a total of 40 cycles, in which the first 7 cycles were performed at 70°C. The thermal cycling profile is illustrated (Fig. 1) . Cycling was carried out on Mycycler (Bio-Rad, Hercules, CA) or 2720 thermal cycler (Applied Biosystems, Foster City, CA, USA). 10 ll of each product was electrophoresed on a 1.5 % agarose gel to check for amplification of the DNA and absence of non-specific bands.
Sequencing
Unincorporated dNTP and primers were removed from the PCR products by adding ethanol to a final concentration of 62 % to each PCR reaction and centrifugation. The airdried precipitates were dissolved in 20 ll of water. Big Dye Terminators (BDT) v3.1 (Applied Biosystems) was used to perform sequencing reactions. The reactions were set up in a final volume of 10 ll. Around 3-6 ll of the sample, 0.5-1 ll of the BDT and 1.5 ll of a 59 buffer (400 mM Tris pH 9, 10 mM MgCl 2 ) were mixed, together with 4 pmol of either the forward or the reverse primer. DMSO was also added to a final concentration of 10 % in order to sequence products of primers 2, 9, 12, 13, and 14. After an initial denaturation at 96°C for 1 min, the sequencing reactions were denatured at 96°C for 30 s, the primers were annealed at 50°C for 30 s and extension was performed at 60°C for 4 min for a total of 36 cycles. The sequencing reactions were precipitated with 30 ll of 95 % ethanol, 1 ll of 3 M CH 3 COONa and 1 ll of 125 mM Na 2 EDTA. The precipitates were washed with 70 % ethanol and the air-dried pellets were dissolved in 10 ll of Hi-Di formamide for loading on ABI 310 capillary electrophoresis system (Applied Biosystems).
Size Fractionation for TPRN
A primer with the identical sequence as to that of the forward oligonucleotide of set 12 was fluorescently tagged with 6-FAM and the same reverse primer was used to set up the reactions. PCR was performed in a final volume of 10 ll as described above. 2 ll of each product was diluted to 40 ll with water and 1 ll of this was mixed with 10 ll of Hi-di formamide containing LIZ-500 size standard. Electrophoresis was performed on ABI 310 (Applied Biosystems). Traces were inspected in GeneMapperIDV3.2 and the size of the fragment for each sample was observed.
Results and Discussion
We obtained products from all 20 sets of primers, including those that had previously failed to amplify DNA with the addition of many inexpensive enhancers including betaine The sizes of amplicons are given in base pairs (bp) and the GC contents of the primers and products are also indicated. NA not applicable a Oligos' sequences correspond to the previously published primer sequences 4 and 76 reported in the study of Zhang et al. [4] and ethylene glycol (specifically primer sets 18 and 19), or with the GC-Rich PCR system by Roche Applied Systems ( Fig. 2a and data not shown). Although primers 13 and 14 were designed according to all parameters suggested by Li et al. [9] while that of 20 had a high melting temperature, these yielded none, or non-specific products when used according to the recommended [9] protocol (data not shown). Amplification was only possible when primers 13, 14 and 20 were used for PCR in conditions described in this manuscript (Fig. 2a) . We chose primer pairs 1, 2, 12, 13, 14, and 20 for examining effects of different PCR parameters on amplification of GC-rich DNA. No products or non-specific amplification was observed if the PCR buffer was replaced by the two buffers supplied by the vendor (Fig. 2b, c) . Amplification failed for all primers if DMSO was omitted from the reaction (Fig. 2d) . The absence of formamide from the PCR reaction led to good amplification with primer pairs 1 and 2 (Fig. 2e) . The amplifications from primers 12, 13, 14, and 20 were adversely affected due to omission of formamide (Fig. 2e) . The incorporation of initial seven cycles at 70°C was important for specific amplification (Fig. 2f, g ). It was crucial for reproducible success of reactions to add PCR mix after DNA had denatured for 3 min (Fig. 2h) . For the amplicons with the highest GC contents (85 and 84 %-primer pairs 14 and 20, respectively), primers with melting temperatures of *70°C failed to yield products (data not shown). Products were only obtained after using primers with melting temperatures of *80°C (Fig. 2a) .We obtained good quality sequence data from all PCR products (Fig. 3) . Products of primer pairs 5 and 6 were amplified for allele-specific PCR of SANS while those of 18-20, were PCR amplified for comparisons with other established protocols and were therefore not sequenced. Using this protocol for amplification and after sequencing, we detected a fifteen nucleotide deletion [14] at the first exon-intron boundary of SANS (product GC content 69 %) and an eleven nucleotide deletion in TPRN (product GC content 80 %, Bashir et al. manuscript submitted). Tetra-primer allele-specific PCR for the mutation in SANS was performed across a region of 68 % GC content for one hundred control DNA samples [14] while the DNA from 100 normal individuals were screened for the deletion in TPRN by size fractionation of Initially, only DNA was denatured for 3 min. Later, the PCR reaction mix was added to DNA. This results in 5 min denaturation for DNA and also constitutes a minimal hot start. For samples in 2h, DNA and PCR mix were added together at the beginning of this step. Asterisks indicate annealing temperature of 65, 60, or 55°C (adjusted according to the calculated T m of the primers) which were used instead of 41°C when formamide was omitted from the PCR mix for samples in Fig. 2e , f The role of DMSO and formamide in enhancing amplification from GC-rich DNA, as well as in increasing specificity of the amplification has been described previously [15, 16] . However, results are not consistently reproducible [5] . The 109 PCR buffer used in our experiments was formulated to amplify low quantities of DNA [13] . Specifically, BSA can increase enzyme stability while 2-mercaptoethanol may serve in reducing secondary DNA structures [17] . Withholding reaction mixture till DNA has denatured provides a minimal ''hot start'' to PCR reactions. This has previously been shown to be important for amplification of GC-rich DNA [3] . The use of initial high primer annealing temperature of 70°C may increase specificity of PCR amplifications by inhibiting mis-priming. Potential for non-specific priming exists when primers have high GC compositions [3] .
Our results demonstrate that the combination of the ions in the PCR buffer together with DMSO and the use of a hot start with high initial annealing temperature are important for the success of this protocol. Formamide may play a less critical role if GC contents are lower than 80 %. In addition, primers with calculated high melting temperatures are crucial for success of PCR reactions when product GC contents are between 81 and 85 %.
The described protocol can be used to amplify genomic sequences for mutation detection in GC-rich regions of candidate genes. It can also be utilized for screening of a large number of controls in order to determine allele frequencies if a mutation is identified in any of these amplicons. Furthermore, it is noteworthy that currently massively parallel sequencing technologies do not capture GC-rich regions efficiently [18] . Therefore, if bona fide disease causing mutations are not identified in the targeted regions, the GC-rich regions can be analyzed by PCR amplification of the corresponding amplicons followed by Sanger sequencing (our unpublished results).
In summary, we describe a reliable method for amplification of GC-rich DNA which is also cost-effective. Commercial enhancers and systems for amplification of GC-rich DNA are not economical for large-scale projects as the cost may run into thousands of dollars for PCR of a few hundred samples. All PCR components used in the protocol described here are readily available in general molecular biology laboratories and are relatively inexpensive. GC-rich templates can therefore be amplified with no substantial differences in cost from that of general PCR reactions.
